The helix-hairpin-helix (HhH) superfamily of base excision repair DNA glycosylases is composed of multiple phylogenetically diverse enzymes that are capable of excising varying spectra of oxidatively and methyl-damaged bases. Although these DNA repair glycosylases have been widely studied through genetic, biochemical, and biophysical approaches, the evolutionary relationships of different HhH homologs and the extent to which they are conserved across phylogeny remain enigmatic. We provide an evolutionary framework for this pervasive and versatile superfamily of DNA glycosylases. Six HhH gene families (named AlkA: alkyladenine glycosylase; MpgII: N-methylpurine glycosylase II; MutY/Mig: A/G-specific adenine glycosylase/mismatch glycosylase; Nth: endonuclease III; OggI: 8-oxoguanine glycosylase I; and OggII: 8-oxoguanine glycosylase II) are identified through phylogenetic analysis of 234 homologs found in 94 genomes (16 archaea, 64 bacteria, and 14 eukaryotes). The number of homologs in each gene family varies from 117 in the Nth family (nearly every genome surveyed harbors at least one Nth homolog) to only five in the divergent OggII family (all from archaeal genomes). Sequences from all three domains of life are included in four of the six gene families, suggesting that the HhH superfamily diversified very early in evolution. The phylogeny provides evidence for multiple lineage-specific gene duplication events, most of which involve eukaryotic homologs in the Nth and AlkA gene families. We observe extensive variation in the number of HhH superfamily glycosylase genes present in different genomes, possibly reflecting major differences among species in the mechanisms and pathways by which damaged bases are repaired and/or disparities in the basic rates and spectra of mutation experienced by different genomes.
Introduction
Genomic stability in all forms of life is under constant threat by numerous mutagenic sources that include replication errors, environmental factors such as UV radiation, and endogenous mutagens such as oxygen free radicals (Lindahl 1993) . Damaged DNA structures can have profound biological consequences that include the disruption of basic cellular and metabolic processes, tumorigenesis, and mutation (Lindahl 1993; Demple and Harrison 1994; Backlund et al. 2001; Epel 2003) . Multiple DNA repair systems have evolved in response to the pressures imposed by DNA damage and drastically reduce the overall damage load and spectrum of mutations suffered by genomes over time (Eisen and Hanawalt 1999) . Most DNA repair pathways have been detected in all three domains of life (Eisen and Hanawalt 1999; Weller et al. 2002) , suggesting ancient origins.
The base excision DNA repair (BER) pathway involves the initial recognition of specific types of base damage (such as 8-oxoguanine and 3-methyladenine) and/or damageassociated base-pairing mismatches by a BER DNA glycosylase. After damage recognition, the glycosylase cleaves the damaged or misincorporated base from the DNA backbone, leaving an apurinic/apyrimidinic (AP) site (Lu et al. 2001) . After base excision, the AP site is then recognized by an AP endonuclease that cleaves the DNA backbone at the AP site (in some cases the backbone is cleaved by the actual glycosylase, such as with Escherichia coli endonuclease III (Nth)) (Demple and Linn 1980) . A patch on the nicked strand is then exonucleolytically digested followed by resynthesis and ligation (Lu et al. 2001 ).
The helix-hairpin-helix (HhH) superfamily of BER glycosylases includes a diverse assortment of enzymes capable of specifically recognizing and excising varying spectra of damaged bases and base pairing mismatches (Demple and Harrison 1994; Alseth et al. 1999; Eisen and Hanawalt 1999; Yang et al. 2000) . HhH glycosylases such as Nth and 8-oxoguanine glycosylase (Ogg) remove oxidatively damaged bases from the DNA backbone (Demple and Harrison 1994; Rosenquist, Zharkov, and Grollman 1996) . The archaeal mismatch glycosylase (Mig) has been shown to remove thymines from T/G mispairs that presumably arise from cytosine deamination (Yang et al. 2000) whereas A/G-specific adenine glycosylases (MutY) remove adenines mispaired with 8-oxoguanine bases and some oxidatively damaged purines (Hashiguchi et al. 2002) . In vitro mutagenesis studies have shown that only two amino acid replacements can change the specificity of Mig glycosylases from T/G mispairs to A/ G mispairs that are generally recognized by MutY glycosylases (Fondufe-Mittendorf et al. 2002) . Alkyladenine glycosylase (AlkA) and N-methylpurine glycosylase II (MpgII) are glycosylases that excise methyl-damaged bases such as 3-methyladenine and 7-methylguanine (Begley et al. 1999) . All of the BER glycosylases mentioned share the canonical HhH DNA binding domain, whose amino acid sequences are thought to impart specificity in damage recognition and provide the basis for their inclusion in the HhH superfamily of DNA glycosylases (Michaels et al. 1990; Roldan-Arjona, Anselmino, and Lindahl 1996; Begley et al. 1999; Gogos et al. 2000) . Despite the widespread conservation and obvious importance of HhH glycosylases in maintaining genomic stability, limited phylogenetic information is available about this prevalent and highly adaptable superfamily of DNA repair enzymes.
Most eukaryotes harbor DNA in multiple subcellular compartments (such as nuclei, mitochondria, and chloroplasts), thereby providing an additional challenge to the maintenance of genome stability. Many eukaryotic BER glycosylases such as Nth, MutY, and uracil-DNA glycosylase have been shown to be present in both the cell nucleus and the mitochondria through subcellular localization studies (Nilsen et al. 1997; Takao et al. 1998; Alseth et al. 1999) . In some instances differential glycosylase targeting is achieved through subfunctionalization of duplicated genes (Alseth et al. 1999) and in other cases by alternative splicing of a single gene (Nilsen et al. 1997; Takao et al. 1998 ). These studies, however, are limited to Saccharomyces cerevisiae and mammals; it is unclear whether most eukaryotic species target glycosylases to both the nucleus and the mitochondria and, if so, whether the duplicate gene or the alternative splicing approach is more commonly employed. Most data on DNA repair in chloroplasts is limited to studies on recombination repair and photoreactivation; relatively little is known about BER activities on chloroplast DNA (Allen and Raven 1996; Peterson and Small 2001) .
Current progress in the sequencing of entire genomes from multiple species has enabled the study of DNA repair genes from a wide, ''phylogenomic'' vantage point (Eisen and Hanawalt 1999) . Genes involved in mismatch repair and recombination repair have been the focus of many broad-based phylogenetic analyses of DNA repair (Eisen 1995 (Eisen , 1996 Jiricny 1998; Culligan et al. 2000) , and additional studies have considered the evolution of DNA ligases and photolyases (Kanai et al. 1997; Martin and MacNeill 2002) . A previous phylogenetic analysis of 43 HhH superfamily sequences has provided some insights into the evolution of these DNA glycosylases (Yang et al. 2000) . However, a large-scale analysis that encompasses many genomes across the three domains of life, necessary for a broad-based understanding of the evolution of this important DNA repair gene superfamily, is lacking.
This study provides an evolutionary analysis of 234 HhH glycosylase homologs found across 94 genome sequences. We first evaluate the overall phylogenetic structure of the HhH superfamily and identify major gene families. Each of the gene families is then analyzed in terms of the abundance and phylogenetic distribution of sequences placed into each of the families. We also characterize the occurrence of putative lineage-specific gene duplication events in the different gene families. The large-scale phylogenetic analysis of the HhH superfamily presented here provides insights into the evolution of this widespread and highly adaptable group of DNA repair enzymes across the three domains of life.
Materials and Methods

Identification and Alignment of HhH Sequences
We initially searched for HhH superfamily glycosylases in 94 complete or nearly complete genome sequences by performing BlastP and TBlastN queries (Altschul et al. 1990 ) against genome databases using Homo sapiens (Nth, MutY, and Ogg), S. cerevisiae (Ntg1, Ntg2, Ogg, AlkA), and E. coli (Nth, MutY, AlkA) HhH superfamily sequences that were retrieved from GenBank. Sequences scoring significant hits (e scores , 0.05) were stored in a database repository. After preliminary phylogenetic analyses (described below), additional Blast searches were done using Pyrobaculum aerophilum Mig, Methanobacterium thermoautotrophicum MTHE746, and Clostridium perfringens Ogg protein sequences to further search for any HhH glycosylase genes missed by our initial queries. We also performed PSI-Blast searches against the complete National Center for Biotechnology (NCBI) database for a less stringent approach to finding more divergent HhH homologs (Altschul et al. 1997) . PSIBlast searches were done with the same search sequences used in conventional Blast searches (listed above), in addition to the Methanocaldococcus jannaschi MJ0724 protein sequence. Sequences scoring significant PSI-Blast hits from the 94 genomes surveyed that were not overlapping with conventional Blast hits were added to the database. GenBank accession numbers were provided for most sequences, except for six cases where homologs were found in unsubmitted or unannotated sequences or contigs (see Supplementary Material online, table A).
The HhH DNA binding domain and flanking sequences were identified in the 234 retrieved sequences through Blast search alignments and comparisons to published alignments (Eide et al. 1996; Roldan-Arjona, Anselmino, and Lindahl 1996) . Approximately 50 (ranging from 48 to 52) conserved amino acids from the HhH domain and flanking sequence were then batch-aligned using ClustalW (Higgins, Thompson, and Gibson 1996) . No other portions of the sequences were sufficiently conserved for reliable alignment across the 234 sequences retrieved. Minor alignment adjustments were then made manually using the ESEE alignment program (Eyeball Sequence Editor [ESEE] v3.01). Final aligned amino acid sequences were then converted to Mega format for subsequent phylogenetic analyses.
Phylogenetic Analysis
Aligned amino acid sequences from the HhH domain and flanking residues were subjected to phylogenetic analysis with the Neighbor-Joining (NJ) method, using Mega version 2.1 (Kumar et al. 2001) . The Poisson correction model for amino acid evolution that corrects for multiple substitutions at the same site was used, because the analysis included a large number of sequences from multiple species across the three domains of life. Statistical evaluation of the reliability of phylogenetic reconstructions was carried out in Mega using both the conventional bootstrap test and the less conservative interior branch test. Bootstrap tests were performed with 1,000 replicates. Interior branch tests were also performed: this normal deviate (Z) test operates under the null hypothesis that the interior branch under consideration has a length equal to zero (Nei and Kumar 2000) . Unlike the bootstrap test, the interior branch test has the same statistical properties irrespective of the number of sequences analyzed (Sitnikova, Rzhetsky, and Nei 1995). The tree was then examined to identify major HhH gene families and putative cases of gene duplication, and to characterize the phylogenetic diversity of sequences in each gene family. All sequences analyzed were assigned Tree ID numbers to provide a simple identifier for all sequences analyzed in this study (see Supplementary Material online, table A).
Results
HhH Superfamily Phylogenetic Framework
We subjected 234 HhH partial protein sequences (see Supplementary Materials online, table A) from 94 bacterial, eukaryotic, and archaeal genomes to phylogenetic analysis, and the midpoint-rooted results were displayed ( fig. 1 ). Six distinct HhH gene families were identified and named according to functionally characterized glycosylases included in the respective families (Nth, OggI, MutY/Mig, AlkA, MpgII, and OggII). The phylogeny grouped the Nth, OggI, and MutY/Mig gene families in one higher-order clade and the AlkA and MpgII families into a second clade ( fig. 1 ). The OggII family was placed as an outgroup relative to the other five gene families. Each of the six HhH gene families was then characterized in terms of the number and phylogenetic distribution of sequences placed in each family, and to identify putative cases of gene duplication.
The Nth Family
HhH glycosylases placed in the Nth gene family include all of the multiple biochemically characterized proteins related to the E. coli enzyme endonuclease III (removes oxidized pyrimidines), such as the human and yeast homologs (Demple and Linn 1980; Demple and Harrison 1994; Alseth et al. 1999) . Every genome surveyed contained at least one glycosylase gene in the Nth family, with the exception of five archaeal genomes and the five bacterial genomes (tables 1-3). Among the six families, the Nth family contained the largest number of HhH homologs: of the 234 total sequences analyzed, 89 were placed in the Nth family. The genome of the bacterial species Aquifex aeolicus was found to encode two Nth homologs (Tree IDs ¼ B57, B60) that were placed in disparate positions in the Nth family gene tree (see Supplementary Materials online, fig. 1 ). The bacterial genomes surveyed from Mollicutes (includes the four Mycoplasma genomes and the Ureaplasma urealyticum genome), a group of bacteria with extraordinarily reduced genome sizes (Rocha and Blanchard 2002) , were all devoid of Nth homologs. All other bacterial genomes contained a single Nth homolog. All eukaryotes contained at least one Nth family homolog and the genomes of Arabidopsis thaliana and S. cerevisiae each had two (table 2). In both instances the two Nth homologs (A. thaliana Tree IDs ¼ E8, E9; S. cerevisiae Tree IDs ¼ E2, E3) were grouped together, indicating lineage-specific gene duplication events (see Supplementary Material online, fig. 1 ). In archaea, Nth homologs were missing from all four of the genomes surveyed from Crenarchaeota, as well as the genome of Methanopyrus kandleri from Euryarchaeota (table 3; 
(A10, A11), whereas the other was placed in an Nth family subclade that was otherwise largely composed of bacterial sequences (A3, A4) (see Supplementary Material online, fig. 1 ).
The OggI Family
Among the HhH sequences placed in the OggI gene family were the widely studied yeast and mammalian Ogg glycosylases that excise 8-oxoguanine residues from DNA (Bruner et al. 1996; Rosenquist, Zharkov, and Grollman 1996; Lu et al. 2001 ). Compared to the Nth gene family, a much smaller fraction of the genomes assayed contained sequences that were placed in the OggI family (tables 1-3; see also Supplementary Material online, fig. 2 ). The majority of eukaryotic genomes (11/ 14) contained a member of the OggI family; however, the occurrence of OggI family homologs was somewhat reduced in archaea (9/16) and greatly reduced in bacteria (6/64). All eukaryotic genomes that harbored OggI family sequences contained only a single homolog, whereas two OggI homologs were found in one bacterial genome (Deinococcus radiodurans-Tree IDs ¼ B62, B63) and one archaeal genome (Pyrobaculum aerophilum-Tree IDs ¼ A16, A20). The two P. aerophilum OggI sequences were placed in disparate positions in the OggI gene tree: A16 was grouped in a clade with four other archaeal sequences (indicated by a star in figure 2 of the Supplementary Material online), and A20 was placed in a second subclade containing the majority (20/28 total) of OggI sequences. All of the glycosylases in the OggI subclade (indicated by the star in figure 2 of the Supplementary Material online) came from the five unique genomes that did not contain a homolog in the Nth family (table 3). The two D. radiodurans OggI sequences were placed between the two aforementioned OggI family subclades along with a sequence from the Caulobacter crescentus genome. 
The AlkA and MpgII Families
The AlkA and MpgII gene families each contained glycosylases that excise methyl-damaged bases (Begley et al. 1999) . AlkA gene family homologs were found in roughly one-third of the bacteria (18/64) and eukaryotes (5/14), whereas over half of the archaeal genomes (9/16) contained at least one AlkA family gene. Three eukaryotic genomes (A. thaliana, Oryza sativa, and Schizosaccharomyces pombe) were each found to harbor two AlkA homologs (table 2) . The phylogenetic analysis suggested that two gene duplication events, one specific to S. pombe and the other along the A. thaliana/O. sativa branch, were responsible for the three sets of duplicated genes (see Supplementary Material online, fig. 4 ). The single S. cerevisiae (Tree ID ¼ E35) and Candida albicans (Tree ID ¼ E36) AlkA sequences were not placed in the clade with the duplicated A. thaliana (Tree IDs ¼ E39, E41), O. sativa (Tree IDs ¼ E40, E42), and S. pombe (Tree IDs ¼ E37, E38) AlkA sequences. Two AlkA homologs were found in each of the Bacillus anthracis (Tree IDs ¼ B124, B135) and Bacillus subtilis (Tree IDs ¼ B125, B136) genomes. The two identified as B124 and B125 were grouped together, and B135 and B136 were also placed together (see Supplementary Material online, fig. 4 ). The genome of Ralstonia solanacearum had three AlkA homologs (Tree IDs ¼ B128, B137, B143) that were scattered across the gene tree (see Supplementary Material online, fig. 4 ). An AlkA homolog was detected in the genome of Mycoplasma pulmonis (Tree ID ¼ B126) and was the only HhH homolog found in any of the five genomes surveyed from Mollicutes (table 1) . Only a few bacterial (4/64) and about one-third of the archaeal (6/16) genomes contained genes in the MpgII family, and no eukaryotic members of this gene family were found. All MpgII homologs were from thermophilic archaeal or bacterial species, with the exception of the two Staphylococcus aureus strains (see Supplementary Material online, fig. 4 ). 
The OggII Family
Only five HhH glycoyslase sequences were placed in the divergent OggII gene family, and all were from archaeal genomes (table 3; see also Supplementary Material online, fig. 5 ). The OggII glycosylase from M. jannaschii (Tree ID ¼ A48), the only member of this gene family that has been biochemically characterized (Gogos et al. 2000) , was shown to excise 8-oxoguanine residues, as do members of the OggI gene family. Principal component analyses of the Archaeoglobus fulgidus OggII homolog (Tree ID ¼ A45) suggest that it also likely excises 8-oxoguanine residues (Gogos et al. 2000) . The sequences in this family were only found when using PSI-Blast searches, whereas glycosylase sequences from the other five HhH gene families were all found in our initial BlastP and TBlastN searches, consistent with the outgroup placement of the OggII gene family relative to the other five HhH gene families ( fig. 1) .
Discussion
This study provides a broad-based phylogenetic framework for the HhH superfamily of BER DNA glycosylases. The phylogeny presented here is in general agreement with two previous smaller-scale analyses of HhH superfamily evolution (Gogos et al. 2000; Yang et al. 2000) , although neither of the previous studies included sequences from all of the gene families identified in this study. Six major HhH gene families (Nth, OggI, MutY/ Mig, AlkA, MpgII, and OggII) ( fig. 1) are identified, and sequences from all three domains of life are represented in four of the families. This observation suggests that the HhH superfamily diversified very early in evolution, prior to the divergence of the three domains of life. Three HhH gene families (MutY/Mig, OggI, and OggII) contain glycosylases that either directly excise 8-oxoguanines or correct base pairing mismatches associated with this type of damage. The AlkA and MpgII gene families contain enzymes that are involved in removing methyl-damaged bases, and the Nth family glycosylases repair oxidatively damaged pyrimidines. On average, archaeal and eukaryotic genomes contain more HhH glycosylase genes (archaea average 3.1 homologs/genome; eukaryotes, 3.0 homologs/ genome) compared to bacteria (2.2 homologs/genome). However, the HhH glycosylase gene content of eukaryotic and archaeal genomes differs substantially, as homologs from all six of the gene families are found in archaeal genomes whereas eukaryotic homologs are limited to the Nth, OggI, MutY/Mig, and AlkA families (tables 2 and 3). The elevated number of HhH glycosylase genes in eukaryotic genomes is due primarily to lineage-specific gene duplication events in the Nth and AlkA gene families.
Extensive variation in the total number of HhH superfamily genes encoded by different genomes is observed (tables 1-3). In eukaryotes, for instance, each of the two nematode genomes surveyed from the Caenorhabditis genus harbors only one HhH superfamily homolog (both in the Nth family). Alternatively, the genome of A. thaliana contains six HhH glycosylase genes distributed in all four of the gene families where eukaryotic sequences are found (table 2) . With the exception of M. pulmonis, all of the bacterial genomes surveyed from Mollicutes are completely devoid of HhH homologs, whereas the genome of D. radiodurans has five (table 1). Archaeal genomes contain from two to five HhH glycosylase genes (table 3) .
The presence of ''extra'' glycosylase genes may reflect fundamental differences in DNA damage tolerance levels, particularly in the cases such as the radiationresistant bacterial species D. radiodurans (Saffary et al. 2002) . The genome of D. radiodurans contains a much greater number and variety of DNA repair genes than other bacterial genomes, including the five HhH homologs analyzed here (White et al. 1999; Makarova et al. 2002) . The D. radiodurans genome contains two HhH glycosylase genes in the OggI family, whereas virtually all of the other 
NOTE.-The distribution of eukaryotic HhH glycosylase genes into the six HhH families is shown. (þþ) indicates the presence of two sequences, (þ) the presence of one sequence, and (À) the presence of zero sequences. Table 3 HhH Superfamily Glycosylases in Archaea
bacterial genomes surveyed lack OggI homologs ( fig. 4 ). Some of these AlkA homologs may have been acquired through horizontal transfer, as the genome of R. solanacearum has a highly mosaic structure indicative of horizontal transfer playing a major role in its evolution (Salanoubat et al. 2002) . No previous studies suggest that R. solanacearum is exceptionally resistant to DNA alkylating agents (such as ethanemethylsulfonate); nor do they provide any other biological explanations for the presence of three AlkA homologs in its genome. In eukaryotes, the presence of additional HhH glycosylase genes is due in large part to multiple instances of lineage-specific gene duplications in the Nth and AlkA gene families. Differential sorting of Nth paralogs to the nucleus and mitochondria in eukaryotes has been documented to occur by both subfunctionalization of duplicate genes in yeast (Alseth et al. 1999) and by alternative splicing in mammals (Takao et al. 1998 ). The S. cerevisiae and A. thaliana genomes each contain lineage-specific gene duplicates in the Nth gene family (see Supplementary Material online, fig. 1 ). For S. cerevisiae, the protein product of one paralog (Ntg2, TREE ID ¼ E2) is sorted exclusively to the nucleus, whereas the other (Ntg1, TREE ID ¼ E3) is targeted to both the nucleus and the mitochondrion (Alseth et al. 1999) . Knowledge of the subcellular sorting of the two A. thaliana paralogs would be particularly exciting, as plants have three subcellular compartments that contain DNA (nucleus, mitochondria, and chloroplasts) to which the protein products of different glycosylase paralogs may be targeted. Analyses of the A. thaliana Nth family paralog leader sequences using PSort, a subcellular targeting prediction computer program (Nakai and Kanehisa 1992) , suggest that one duplicate is likely targeted to the nucleus, whereas the other is likely sorted to mitochondria. Eukaryotic lineage-specific duplications are also observed in the AlkA family. In S. pombe, PSort suggests that one duplicate is likely targeted to the nucleus, whereas the other is predicted to be cytosolic, suggesting that the latter paralog may no longer be involved in BER. Alternatively, one of the A. thaliana AlkA family paralogs is predicted by PSort to be mitochondrial; the other sorted to the nucleus. Although these computer-based predictions offer exciting possibilities, empirical immunolocalization studies of these A. thaliana and S. pombe glycosylases are required to gain an accurate understanding of their subcellular targeting patterns.
In contrast to the above instances, four bacterial genomes, all from Mollicutes, were found to harbor no HhH homologs; however, these bacterial species have undergone radical genome contraction (sizes ranging from ;0.5 to 1.4 MB) associated with their obligate intracellular parasitic lifestyles (Rocha and Blanchard 2002) . The single HhH homolog found in the M. pulmonis genome is predicted to encode a protein with an N-terminus that contains a HhH DNA binding domain (placed in the AlkA family) and a C-terminal region that is homologous to O 6 -methylguanine methyltransferases, suggesting that this is either a hybrid protein or that this single predicted open reading frame was incorrectly annotated and is actually two overlapping genes (frequently observed in mycoplasmal genomes [Fukuda, Washio, and Tomita 1999] ). The genomes of other bacterial and eukaryotic species (such as Rickettsia conorii and Caenorhabditis elegans) are found to harbor only a single homolog in the entire HhH superfamily (all in the Nth family). How are these species able to deal with the diverse spectrum of base damage that assaults their genomes? One possibility is that a greater fraction of damaged bases simply goes unrepaired in species with fewer glycosylase genes. A second possibility is that the single HhH glycosylases of these species are able to recognize a broader spectrum of damage than the orthologous glycosylases found in species with genomes that encode multiple HhH homologs. Third, damaged bases in the genomes of these species may be repaired by BER glycosylases outside of the HhH superfamily and/or completely separate DNA repair pathways.
Although the first and second possibilities cannot be ruled out, there is extensive empirical support for the third scenario. Glycosylases outside of the HhH superfamily such as formamidopyrimidine glycosylase (Fpg) and alkyladenine glycosylase (Aag, also called MpgI) have been shown to overlap in the spectra of damage recognized by Ogg and AlkA glycosylases, respectively (Demple and Harrison 1994; Lau et al. 2000) . Homologs of Fpg and Aag, however, are not found in the C. elegans or C. briggsae genomes with Blast searches (data not shown), suggesting that completely separate DNA repair pathways may play a major role in the repair of oxidatively damaged purines and methyl-damaged bases in these nematode species. This possibility is supported by studies in yeast that show overlap in the types of damage recognized by BER and nucleotide excision repair pathways, such as 8-oxoguanine (Swanson et al. 1999) . Mismatch repair is another likely candidate for overlap with BER, as many common base-pairing mismatches are repaired by mismatch repair systems and BER glycosylases such as MutY and Mig (Jiricny 1998; Yang et al. 2000) . Repair of alkyl-damaged bases can also occur by BER-independent mechanisms, such as with direct repair by O 6 -methylguanine methytransferases (Dolan, Moschel, and Pegg 1990) .
Multiple thermophile-specific clades of HhH glycosylases have been detected in this study and add to the existing knowledge of DNA repair proteins and pathways unique to thermophilic species (Begley et al. 1999; Makarova et al. 2002) . The divergent OggII gene family contains only five sequences that are all from the genomes of thermophilic species of archaea (table 3; see also Supplementary Material online, fig. 5 ). The MpgII gene family contains archaeal and bacterial sequences that are almost exclusively found in the genomes of thermophiles (the two S. aureus genomes surveyed being the exceptions). Another distinctive group of glycosylases unique to thermophilic archaea is the OggI family subclade (indicated by a star in figure 2 of the Supplementary Material online). Curiously, the five archaeal genomes that contain sequences in this OggI subclade (which includes all four genomes from Crenarchaeota) also happen to be the only genomes found to lack a gene in the Nth family (excluding genomes from Mollicutes). This observation suggests that these OggI homologs may compensate for the lack of Nth homologs in their genomes. Biochemical analyses of the substrate specificities of these OggI glycosylases are required to provide insight into this possibility.
The phylogenetic analysis of the HhH superfamily of BER DNA glycosylases presented here provides an evolutionary framework for an important group of DNA repair enzymes whose diversity and adaptability have long been appreciated. We observed tremendous diversity in the numbers and types of HhH superfamily glycosylases encoded by different genomes across the three domains of life. This observation may reflect major disparities in the mechanisms and pathways by which different species repair oxidatively damaged and methyl-damaged bases. This widespread variation may also suggest significant differences in the underlying spontaneous mutation spectra experienced by different genomes.
